Introduction
A thin flexible power generator is strongly desired for the wearable electronics that is one of the future images of flexible electronics. The thermoelectric generator (TEG) using human-body-originated heat, which is equivalent to a 70-150 W heater, is one of the candidates of the basic power source for such a purpose. Furthermore, TEG is also promising as an energy-harvesting device from our living environment, because there always exists exhaust heat around the human activities. A large-area, flexible and low-cost TEG is required for the energy harvesting because most part of such exhaust heat is relatively low temperature and widely spread with low energy density.
In general, the ability of the thermoelectric conversion material is determined by a power factor,
or a non-dimensional thermoelectric figure of merit,
where α is the Seebeck coefficient, σ the electrical conductivity, T the absolute temperature, and κ the thermal conductivity. Many of organic conducting and semiconducting materials are, in this sense, promising as thermoelectric conversion materials because they have very large Seebeck coefficients, over 1 mV/K [1, 2] , and small thermal conductivities. Recently, many excellent works on thermoelectric properties of organic materials have been reported [3] [4] [5] [6] . However, P or ZT values in these reports are still insufficient for practical applications and, moreover, there is no comprehensive study over wide class of organic materials. In this work, we have, therefore, precisely evaluated the Seebeck coefficients and electrical conductivities of wide range of organic conducting/semiconducting materials and discussed the potential of each class of organic material for the application to TEGs.
Experimental
The requirements for the measurement are as follows: (i) a thin film of the mixture of host and dopant materials can be deposited in ultrahigh vacuum and the Seebeck coefficient and the electrical conductivity can be measured in-situ, (ii) the base temperature and the thermal gradient of the thin film can be precisely controlled, and (iii) the input impedance of the voltage measurement circuit must be sufficiently high so as to measure the high resistance sample. Figure 1 shows the schematic illustration of our original instrument used in this work [7] . The film deposition and measurement chamber can be evacuated down to 1×10 -6 Pa and two organic materials can be evaporated from two Knudsen cells (K-cells). Measuring molecular fluxes by a crystal thickness monitor, the thickness, the deposition rate and the composition ratio of the organic thin-film are precisely controlled. In this work, all of the small-molecule films were deposited in situ and polymer materials are deposited ex situ. A sample holder is set on a large-thermal-capacity heating/cooling stage where the base temperature (T b ) can be controlled by liquid nitrogen and a programmable thermo-regulator. By optimizing the lateral heat conductance thorough the sample holder plate, uniform temperature gradient is formed independently of the substrate size or material. The laboratory-made differential amplifiers have nearly 10 15 input impedance, of which value is sufficient to simultaneously measure the temperatures at two electrodes and the thermopower between them even for highly resistive materials. To precisely measure the Seebeck coefficients of organic thin films, that of the instrument was pre-examined by measuring Pt thin films of which Seebeck coefficient is already known and is subtracted from measured dV/dT slopes as an instrumental offset. Fig. 1 Schematic illustration of the in-situ thermopower measurement system.
Overview of the Results and Discussion
The materials evaluated in this work are as follows: pure pentacene and pure C 60 (both are sequentially sublimated for purification) representing intrinsic high-carrier-mobility semiconductors; oxygen-doped pentacene, fluorofullerene (C 60 F 36 ) and 2,7-diphenyl [1] (W/K 2 cm), which is indicated by a red line, approximately corresponds to ZT=0.1 at room temperature. This is the target P value to use the material for a practical TEG.
The hatched area indicates the predicted range by a conventional theory for semiconductors summing that the effective mass of carrier is within the range of 20-200 and carrier mobility of 10-100 cm 2 /Vs. Almost all of the high-mobility semiconductor materials are plotted within the predicted range, which suggests that P will not exceed the target value as long as we use these typical semiconductor molecules. However, at least three groups are plotted on the higher α side than the hatched area: PE-DOT:PSS, K-TCNQ and C 60 .
Since PEDOT:PSS has metal-like electronic states, it does not have to obey the theory for semiconductors.
However, since their high P value is due to the high σ , their small α would be a big disadvantage to generate practical output voltage under the small temperature difference expected for flexible TEGs.
K-TCNQ exhibited a very high α , around 10 mV/K, at 310 K. This is due to the metal-insulator transition of a Mott insulator. If we can control the transition to the desired temperature, this class of material could be a promising candidate for flexibe TEGs.
Another surprising result was obtained with C 60 , where the α value was around 50 mV/K. To the best of the authors' knowledge, this value is the highest one ever reported. Although the σ value is far from the practical one, such an extremely higher value than the limit of semiconductor suggests that the underlying thermoelectric mechanism is largely different from the conventional models.
Conclusions
By using the originally designed instrument, α and σ values of wide range of organic materials were evaluated. The results strongly suggest that there must be many unrevealed mechanisms within the Seebeck effect of organic materials. We expect a break-through of thermoelectric materials takes place in near future. [6] .
